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PCardiac Function
ack of Inertia Force of Late Systolic Aortic
low Is a Cause of Left Ventricular Isolated Diastolic
ysfunction in Patients With Coronary Artery Disease
akayuki Yoshida, MD, Nobuyuki Ohte, MD, FACC, Hitomi Narita, MD, Seiichiro Sakata, MD,
azuaki Wakami, MD, Kaoru Asada, MD, Hiromichi Miyabe, MD, Tomoaki Saeki, MD,
enjiro Kimura, MD
agoya, Japan
OBJECTIVES We investigated whether a lack of inertia force of late systolic aortic flow and/or apical
asynergy provoke early diastolic dysfunction in patients with coronary artery disease (CAD).
BACKGROUND Left ventricular (LV) isolated diastolic dysfunction is a well-recognized cause of heart failure.
METHODS We evaluated LV apical wall motion and obtained left ventricular ejection fraction (LVEF)
by left ventriculography in 101 patients who underwent cardiac catheterization to assess
CAD. We also computed the LV relaxation time constant (Tp) and the inertia force of late
systolic aortic flow from the LV pressure (P)–first derivative of left ventricular pressure
(dP/dt) relation. Using color Doppler echocardiography, we measured the propagation
velocity of LV early diastolic filling flow (Vp). Patients with LVEF 50% (preserved systolic
function [PSF], n  83) were divided into 2 subgroups: patients with inertia force (n  53)
and without inertia force (n  30). No patient with systolic dysfunction (SDF) (LVEF
50%) had inertia force (n  18).
RESULTS The Tp was significantly longer in patients with SDF (85.7 21.0 ms) and with PSF without
inertia force (81.1  23.6 ms) than in those with PSF with inertia force (66.3  12.8 ms)
(p  0.001). The Vp was significantly less in the former 2 groups than in the last group. In
patients with PSF, LV apical wall motion abnormality was less frequently observed in those
with inertia force than in those without (p  0.0001).
CONCLUSIONS An absence of inertia force in patients with PSF is one of the causes of isolated diastolic
dysfunction in patients with CAD. Normal LV apical wall motion is substantial enough to
give inertia to late systolic aortic flow. (J Am Coll Cardiol 2006;48:983–91) © 2006 by the
ublished by Elsevier Inc. doi:10.1016/j.jacc.2006.04.087American College of Cardiology Foundation
M
S
p
e
p
t
s
9
p
i
m
a
l
t
g
w
a
t
s
m
L
wore than 40% of patients suffering from congestive heart
ailure have preserved left ventricular ejection fraction
LVEF) (1–3). An elevated left atrial pressure with left
entricular (LV) diastolic dysfunction causes symptoms of
eart failure at rest and during exercise (4–7). Several
athophysiological conditions, such as myocardial hypertro-
hy, myocardial ischemia, interstitial fibrosis of the LV wall,
nd abnormal Ca2 handling in myocytes, are seen in
atients with diastolic dysfunction (8–12). The role of hy-
ertension as a cause of diastolic heart failure has been
ell recognized (13,14). In contrast, coronary artery dis-
ase (CAD), especially with prior myocardial infarction
MI), is acknowledged as the most common cause of systolic
eart failure (13). Although patients suffering from diastolic
eart failure have a high incidence of CAD, including MI
1,14,15), CAD’s role as a cause of diastolic heart failure has
ot been fully elucidated. Accordingly, in patients with
AD, we hypothesized that mild LV systolic dysfunction
nd/or LV apical asynergy may be associated with LV
bnormal relaxation and impaired early diastolic filling.
From the Department of Internal Medicine and Pathophysiology, Nagoya City
niversity Graduate School of Medical Sciences, Nagoya, Japan.f
Manuscript received January 23, 2006; revised manuscript received April 14, 2006,
ccepted April 17, 2006.ETHODS
tudy subjects. Study subjects consisted of 101 consecutive
atients with suspected CAD who underwent cardiac cath-
terization. Patients with an acute coronary syndrome,
rimary valvular heart disease, atrial fibrillation, or intraven-
ricular conduction disturbance were excluded from the
tudy. According to the findings of cardiac catheterization,
1 patients had CAD, 36 without prior MI and 55 with
rior MI. Coronary artery disease was defined as a narrow-
ng of at least 50% in luminal diameter of 1 or more of the
ajor coronary arteries as determined by selective coronary
ngiography. Prior MI was diagnosed on the finding of
ocalized LV wall motion abnormality using biplane con-
rast left ventriculography with related electrocardio-
raphic changes. Of the 55 MI patients, 37 had anterior-
all MI, 11 had inferior-wall MI, and 7 had combined
nterior- and inferior-wall MI. The remaining 10 pa-
ients (those not identified as having CAD) had neither
ignificant coronary stenosis nor LV wall motion abnor-
ality, but had atypical chest pain. On the basis of the
VEF obtained by biplane left ventriculography, patients
ere divided into 2 groups: the preserved LV systolic
unction (PSF) group, which had LVEFs 50% (n 
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Diastolic Dysfunction in Coronary Artery Disease September 5, 2006:983–913), and the LV systolic dysfunction (SDF) group, which
ad ejection fractions 50% (n  18). Details of study
atients are shown in Table 1, and a flow diagram of their
lassification is shown in Figure 1. All patients were in New
ork Heart Association functional classII, and no patient
ad decompensated heart failure at the time of catheteriza-
ion. Thus, this study was designed to investigate not the
ackground of diastolic heart failure but the cause of
iastolic dysfunction (8).
Then, we reclassified the patients according to the defi-
ite criteria for isolated diastolic dysfunction on the basis of
he invasive data (LVEF50% as an index of preserved LV
ystolic function and time constant of LV pressure decay
uring isovolumic relaxation [Tw]48 ms as a definition of
bnormal LV relaxation) presented by Zile and Brutsaert (8)
nd the European Study Group on Diastolic Heart Failure
16). We retrospectively reanalyzed whether patients with
SF without inertia force belonged to the definite criteria
or diastolic dysfunction.
All studies were performed while patients were receiving
ardiac medications. All subjects gave written informed
onsent to participate in the study, and the study was
erformed according to the regulations proposed by the
thical Guidelines Committee of the Nagoya City Univer-
ity Graduate School of Medical Sciences.
able 1. Clinical Information in the Subjects, Classified Accordin
Total
Number of
Patients
Underlying Dise
Atypical
Chest
Pain
CAD
Without
MI
C
Anterior
SF with IF 53 9 30 9
SF without IF 30 1 6 19
DF 18 0 0 9
Abbreviations and Acronyms
CAD  coronary artery disease
dP/dt  first derivative of left ventricular pressure
E/A  ratio of peak flow velocity during early diastole
to peak flow velocity during atrial contraction
Em  peak mitral annular velocity during early
diastole
IQR  interquartile range
LV  left ventricle/ventricular
LVEF  left ventricular ejection fraction
MI  myocardial infarction
PSF  preserved systolic function
SDF  systolic dysfunction
Sm  peak mitral annular velocity during systole
Tp  LV relaxation time constant obtained from LV
pressure—dP/dt relation
Tw  LV relaxation time constant obtained by the
method proposed by Weiss et al. (18)
Vp  propagation velocity of early diastolic filling flowAD  coronary artery disease; HR  heart rate; IF  inertia force; MAP  mean arte
unction; SDF  left ventricular systolic dysfunction.oppler echocardiography. All patients were examined at
est lying in the left semilateral decubitus position. Doppler
easurements were made using a Power Vision-6000 or
8000 (Toshiba Medical Co., Tokyo, Japan) echocardio-
raphic system with a 2.5-MHz transducer. The acquisition
f Doppler data was performed by 1 observer throughout
he study. The transmitral flow velocity waveform at the
itral orifice was obtained by pulsed Doppler echocardiog-
aphy, and the ratio of peak flow velocity during early
iastole to that during atrial contraction (E/A) was calcu-
ated. As Doppler parameters of LV systolic and early
iastolic function, which are relatively independent of pre-
oad to the LV, peak mitral annular velocity during systole
Sm) and that during early diastole (Em) were also mea-
ured at the septal and lateral corners of the mitral annulus
sing pulsed tissue Doppler imaging. The mean value of
elocities at both sides was used in statistical analysis. The
ropagation of the peak of the early diastolic flow velocity
ave in the LV (Vp) was imaged by appropriately changing
he first aliasing limit of the color M-mode Doppler signals.
he time-distance slope of the peak velocity tracing was
easured as Vp; the reproducibility of these measurements
n our hospital was as reported elsewhere (17).
ardiac catheterization. Diagnostic cardiac catheteriza-
ion was performed within 2 h after echocardiography.
efore contrast material was injected into the LV or
oronary artery, LV pressure was obtained using a catheter-
ipped micromanometer (SPC-454D, Millar Instrument
o., Houston, Texas) and recorded on a polygraph system
RMC-2000, Nihon Kohden Inc., Tokyo, Japan) and also
n a digital data recorder (NR-2000, Keyence, Osaka,
apan). The offset of pressure waves obtained using a
atheter-tipped micromanometer was adjusted to that ob-
ained using a fluid-filled system. From the recorded pres-
ure waves, the peak negative first derivative of left ventric-
lar pressure (dP/dt) was determined, and then Tw was
alculated using the method proposed by Weiss et al. (18).
n the calculation of Tw, the following assumption is
pplied: a monoexponential curve fitting with LV pressure
ecay after the phase of peak negative dP/dt has a zero
symptote. This assumption may bring a possibility that Tw
s dependent on LV contraction phase and less sensitive to
he deterioration of LV relaxation. Another LV relaxation
ime constant (Tp), which is relatively independent of LV
Left Ventricular Systolic Function and Inertia Force
Clinical Characteristics
ith MI
Male/
Female
Age
(yrs)
HR
(beats/min)
MAP
(mm Hg)rior Combined
0 39/14 66  9 68  12 93  12
1 27/3 63  11 66  14 93  12
6 15/3 66  8 70  12 94  7g to
ase
AD W
Infe
5
3
3rial pressure; MI  myocardial infarction; PSF  preserved left ventricular systolic
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September 5, 2006:983–91 Diastolic Dysfunction in Coronary Artery Diseaseontractile phase and has a floating asymptote, was calcu-
ated from the LV pressure (P)–dP/dt relation (phase loop)
ccording to the method proposed by Sugawara et al. (19).
rom the phase loops, we also computed the inertia force of
ate systolic aortic flow (19). Details of the calculations are
ndicated in Figure 2. Little fluctuation was observed on the
igure 1. A flow diagram of patients’ classification. (A) Patients’ classificat
tandpoint of left ventricular function. CAD  coronary artery disease; C
entricular ejection fraction.
igure 2. Left ventricular pressure (LVP)–first derivative of left ventricular
ith inertia force. (B) A loop obtained from a patient without inertia forc
and b is equal to the time constant of exponential pressure decay during
rea in red divided by the vertical distance between P0,0 and point d is equal to th
owing out of the LV, and is defined as the inertia force. The inertia force inbtained phase loops, so that small amount of inertia force
ay be erroneously calculated in some patients without
aving an apparently observed bump (red area in Fig. 2A) in
hose loops around the phase of peak negative dP/dt. The
onsensus we reached by reviewing the phase loops in all
atients was that we could confirm the existence of the
om the viewpoint of baseline disease. (B) Patients’ classification from the
ned MI  anterior myocardial infarction plus inferior MI; LVEF  left
ure (dP/dt) relationship (phase loop). (A) A loop obtained from a patient
e negative inverse slope of the best linear-fitting line between the points
lumic relaxation (Tp). The Tp was 56.3 ms in A and 83.1 ms in B. Theion frpress
e. Th
isovoe amount of pressure decay augmented by the effect of the inertia of blood
A was 3.6 mm Hg, and 0.12 mm Hg in B.
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Diastolic Dysfunction in Coronary Artery Disease September 5, 2006:983–91ump of phase loops in patients with computed inertia force
0.5 mmHg. Thus, we defined the patients with computed
nertia force 0.5 mm Hg as those with inertia force, and
he patients with calculated inertia force 0.5 mm Hg as
hose without inertia force. We then divided the patients with
SF into 2 subgroups: patients with inertia force (n 53) and
hose without inertia force (n 30). No patient with SDF had
nertia force (Fig. 1). Immediately after the pressure measure-
ents, biplane contrast left ventriculography was performed.
eft ventricular end-systolic and end-diastolic volumes were
alculated using the method of Chapman et al. (20), using
cardiac image analyzer. The LVEF was then determined.
he LV end-systolic volume was divided by the body
urface area of each patient and expressed as an LV
nd-systolic volume index to normalize body size. Regional
V wall motion was evaluated using the centerline method
21), which is a reliable method to assess LV regional wall
otion from contrast left ventriculography. As we reported
reviously (22), LV apical wall motion abnormality was
onfirmed when wall motion deteriorated by more than 2
tandard deviations from the normal wall-motion amplitude
n at least 20 lines that formed the apex of the 200
quidistant lines, which were drawn perpendicular to the
enterline extending from the end-diastolic to the end-
ystolic counter in each 30° right anterior oblique (100 lines)
nd 60° left anterior oblique (100 lines) projection.
Data related to LV pressure waves were analyzed by 1
bserver, and data concerned with left ventriculography
ere independently analyzed by another observer through
he study. Both observers were blinded to the Doppler data.
tatistical analysis. Normally distributed continuous data
re expressed as mean  SD. The inertia force is presented
s the median with interquartile range (IQR) (25th to 75th
ercentiles). Relationships between 2 parameters were eval-
ated using Spearman’s correlation coefficients by ranks.
ifferences in parameters between 2 groups were compared
able 2. Summary of Hemodynamic Variables of the Subjects
n Each Group
PSF With
Inertia Force
PSF Without
Inertia Force SDF
VEF (%) 70.8  7.7 59.5  5.0* 44.6  5.6*
V ESVI (ml/m2) 23.2  8.0 35.5  9.2* 55.0  15.2*
m (cm/s) 11.6  1.8 10.6  1.2‡ 10.1  1.8†
p (ms) 66.3  12.8 81.1  23.6* 85.7  21.0*
w (ms) 37.9  6.0 44.9  7.5* 44.1  5.1*
eak negative dP/dt
(mm Hg/s)
1,700  370 1,510  260‡ 1,370  310†
/A 0.79  0.34 0.97  0.70 0.73  0.29
m 12.2  2.4 10.6  2.4‡ 9.7  1.7*
p (cm/s) 47.9  9.3 33.2  9.1* 27.9  4.4*
values are those after Bonferroni adjustment among 3 comparisons. *p  0.001;
p  0.01; ‡p  0.05 (vs. PSF with inertia force).
dP/dt first derivative of left ventricular pressure; E/A the ratio of transmitral flow
elocity during early diastole to that during atrial contraction; Em  peak mitral annular
elocity during early diastole; LVEF left ventricular ejection fraction; LV ESVI left
entricular end-systolic volume index; Sm  peak mitral annular velocity during systole;
p  left ventricular relaxation time constant calculated from phase loop; Tw  left0
entricular relaxation time constant calculated by Weiss’ method (18); Vp propagation
elocity of left ventricular early diastolic filling flow; other abbreviations as in Table 1.sing the unpaired Student t test. Differences between 3
roups were evaluated using 1-way analysis of variance with
Bonferroni adjustment. The p values shown in Table 2 are
hose after Bonferroni adjustment among 3 comparisons. A
ifference in incidence was compared using the chi-square
est. Differences with p values 0.05 were considered
ignificant.
ESULTS
he median of calculated inertia force was 1.19 (IQR 0.19
o 3.98) mm Hg and ranged from 0.002 to 12.0 mm Hg.
he inertia force significantly correlated with the LV
ystolic function parameters, such as LVEF and LV end-
ystolic volume index (r 0.72, p 0.0001 and r0.68,
 0.0001, respectively) (Fig. 3). It also significantly
orrelated with the parameters of LV relaxation, Tp, and
f LV early diastolic filling, Vp (r  0.31, p  0.005
nd r  0.73, p  0.0001, respectively) (Fig. 4). The
orrelation coefficient was greater in the relation between
he inertia force and Vp than in that between the inertia
orce and Tp.
No significant differences were found in age, heart rate, or
ean blood pressure between the patients with PSF with or
ithout inertia force and those with SDF (Table 1). Time
onstants of LV relaxation were significantly greater in
atients with SDF and with PSF without inertia force than
n those with PSF with inertia force. The peak negative
P/dt was significantly less in patients with SDF and with
SF without inertia force than in those with PSF with
nertia force. Propagation velocity of early diastolic filling
ow was also significantly less in the first 2 groups than in
he last group. There were no significant differences in Tp,
w, peak negative dP/dt, or Vp between patients with SDF
nd those with PSF without inertia force (Figs. 5 and 6).
he E/A ratio of the transmitral flow velocity waveform also
as not significantly different between the groups. In
ontrast, Em was significantly less in patients with SDF and
ith PSF without inertia force than in those with PSF with
nertia force. No significant difference was found in Em
etween patients with SDF and those with PSF without
nertia force (Fig. 6).
Left ventricular ejection fraction was greater in patients
ith PSF with inertia force than in those with PSF without
nertia force. Similarly, Sm was also significantly greater in
he former than in the latter. Left ventricular end-systolic
olume index was significantly lower in the former than in
he latter (Fig. 7). These data are summarized in Table 2.
In 53 patients with PSF with inertia force, 5 had LV
pical asynergy and 48 did not. On the other hand, in 30
atients with PSF without inertia force, 26 had apical
synergy and 4 did not. The incidence of LV apical asynergy
as significantly higher in patients without inertia force
han in those with inertia force (chi square  48.8, p 
.0001).
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September 5, 2006:983–91 Diastolic Dysfunction in Coronary Artery DiseaseIn 22 patients with PSF and a time constant Tw48 ms,
ho met the definite criteria for isolated diastolic dysfunc-
ion, 1 had inertia force and 21 did not. In contrast, in 61
atients with PSF and a time constant Tw 48 ms, 52 had
nertia force and 9 did not. The rate at which patients did
ot have inertia force was significantly greater in those who
atisfied the definite criteria for isolated diastolic dysfunc-
ion (chi square  45.6, p  0.0001).
ISCUSSION
he present study indicates that patients with PSF without
nertia force have similar levels of deterioration in LV
elaxation and Vp compared with those in patients with
DF. The lack of inertia force in patients with PSF impairs
igure 3. Relationships between inertia force and left ventricular (LV) sys
LVEF). A significant positive correlation is observed. (B) Relation of
orrelation is found. Circles  patients with preserved systolic function w
nertia force; X  patients with systolic dysfunction.
igure 4. Relationships between inertia force and parameters of left ventri
f inertia force to Tp. A significant inverse correlation is observed. B Relation o
re as in Figure 3; other abbreviations as in Figure 1.V relaxation and early diastolic filling and it may be one
f the causes of isolated diastolic dysfunction in CAD
atients. Normal LV apical wall motion appears to be
ubstantial enough to give inertia to late systolic aortic
ow.
oupling of LV systolic and diastolic function mediated
y inertia force. From the viewpoint of cardiac mechanics,
ilbert and Glantz (23) reported that LVs with good
ystolic function have relatively smaller LV end-systolic
olumes, producing a greater magnitude of LV rearrange-
ent at the isovolumic relaxation phase by releasing elastic
nergy stored during systole. This phenomenon, called LV
lastic recoil, speeds LV relaxation independently of the
a2 reuptake process by the sarcoplasmic reticulum (19, 23).
function parameters. (A) Relation of inertia force to LV ejection fraction
a force to LV end-systolic volume index (ESVI). A significant inverse
nertia force; squares  patients with preserved systolic function without
relaxation (Tp) and left ventricular early diastolic filling (Vp). A Relationtolic
inerticular
f inertia force to Vp. A significant positive correlation is found. Symbols
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Diastolic Dysfunction in Coronary Artery Disease September 5, 2006:983–91ichhorn et al. (24) demonstrated that a hyperbolic rather
han a linear relationship was observed between LV con-
ractile function as shown by end-systolic elastance and LV
elaxation as shown by the slope of the time constant to the
V end-systolic pressure relation. The concept that LV
yocardial contraction and ejection dynamics are intimately
inked to LV relaxation has been established (25–27). In
ddition, Sugawara et al. (19) reported that late systolic
ortic flow ejected from a LV with good contraction has
nertia force. The blood, once set in motion, will continue in
otion because of its inertia until the heart stops it (28). In
ate systole, when LV muscle shortening has reached a limit
ut its tension-bearing ability is still maintained, the inertia
f the blood flowing out of the LV causes swift end-systolic
nloading of the LV, producing a much smaller LV
nd-systolic volume and much greater elastic recoil force
19,22,29). The schematic diagram that demonstrates the
dea that inertia force of late systolic aortic flow enhances
V elastic recoil is shown in Figure 8. Thus, the enhanced
V elastic recoil brought by the inertia force of late systolic
ortic flow in patients with good LV contraction may
roduce faster LV relaxation (30). Furthermore, we dem-
nstrated that the direct effect of LV end-systolic volume
ndex on Vp was much greater than that of LV relaxation
ime constant on Vp (17). Smaller LV end-systolic volume,
hich is usually accompanied by a marked ellipsoidal LV
igure 5. Comparisons of parameters regarding left ventricular relaxation b
orce and those with systolic dysfunction (SDF). (A, B) The time const
f Weiss et al. (18) were significantly greater in patients with SDF and
C) The peak negative dP/dt was significantly less in the first 2 groups
s in Figure 4.avity shape during the isovolumic relaxation phase, pro- wuces a greater intraventricular pressure gradient between
he LV base and apex during the early diastolic filling phase
nd increases Vp (31). Thus, in addition to LV relaxation,
V elastic recoil itself also has a striking effect on Vp. As
e demonstrated in this study, the magnitude of inertia
orce significantly and positively correlated with LV
jection fraction and inversely with LV end-systolic
olume index, supporting the hypothesis shown in Figure 8.
he finding that the inertia force showed a much closer
elationship with Vp than with Tp may indicate that
nhanced LV elastic recoil directly speeds Vp in addition to
he effect through accelerated LV relaxation, similar to our
revious report (17). Thus, the concept of hemodynamically
nduced inertia force may contribute further to the under-
tanding of LV contraction-relaxation coupling, which has
een mainly considered from the viewpoint of LV mechan-
cs (25–27).
If the LV does not have inertia force even though LVEF
s more than 50%, it would not have enough elastic recoil to
peed LV relaxation and Vp. One of the main messages of
he present study—that the lack of inertia force deteriorates
V relaxation—was also confirmed by the finding that the
atients with PSF without inertia force had a decreased Em
32,33).
We found more significant decreases in LVEF and Sm in
atients with PSF without inertia force than in those with PSF
n patients with preserved systolic function (PSF) with or without inertia
p from phase loops and the time constant Tw obtained by the method
PSF without inertia force than in those with PSF with inertia force.
n the last group. *p  0.001; †p  0.01; ‡p  0.05. Other abbreviationsetwee
ant T
withith inertia force, and we also found amore significant increase
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September 5, 2006:983–91 Diastolic Dysfunction in Coronary Artery Diseasen LV end-systolic volume index in the former patients than
n the latter. These findings suggest that patients with PSF
ithout inertia force have mild LV systolic dysfunction.
alculation of inertia force. Inertia force can be calculated
rom the LV P-dP/dt relation (phase loop) (19). Left
entricular pressure decay during the isovolumic relaxation
igure 6. Comparisons of the mitral annular velocity during early diastole
etween the patient groups. (A) Em was significantly lower both in patien
ith inertia force. (B) Vp was also significantly less in the first 2 groups than
igure 7. Comparisons of left ventricular systolic function parameters bet
orce. (A) Left ventricular ESVI was significantly smaller in patients with
entricular ejection fraction (LVEF) was significantly greater in the former than
ignificantly greater in the former than in the latter. *p  0.001; ‡p  0.05. Ohase can be assumed to be exponential if this process only
epends on Ca2 reuptake by the sarcoplasmic reticulum in
yocytes (23). In the LV P-dP/dt plane, the exponential
elationship is shown as a straight line. However, enhanced
lastic recoil produced by inertia force observed in a LV
ith good contraction may shift such an exponential decay
) and the propagation velocity of left ventricular early diastolic flow (Vp)
h SDF and in those with PSF without inertia force than in those with PSF
e last group. *p  0.001; ‡p  0.05. Other abbreviations as in Figure 5.
patients with PSF with inertia force and those with PSF without inertia
with inertia force than in those with PSF without inertia force. (B) Left(Emween
PSFin the latter. (C) Peak mitral annular velocity during systole (Sm) was also
ther abbreviations as Figures 3 and 5.
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Diastolic Dysfunction in Coronary Artery Disease September 5, 2006:983–91ownward at the beginning of relaxation, as shown in
igure 2. In accord with the method proposed by Sugawara
t al. (19), we calculated the inertia force as a deviation of
he LV P-dP/dt relation during the isovolumic relaxation
hase from the expected straight line, which would be
bserved in a LV without significant elastic recoil.
V apical asynergy and inertia force. In the present study,
e demonstrated that the lack of inertia force of late systolic
ortic flow has a significant relation with LV apical asyn-
rgy. We also previously reported that in patients with
AD, apically directed flow during isovolumic relaxation
bserved in the LV with good EF helps to facilitate LV
arly diastolic filling; however, such flow was not observed
n patients with LV apical asynergy (22,34). Normal LV
pical contraction should play an important role in produc-
ng the inertia force of late systolic aortic flow, and then
aintain normal LV behavior from isovolumic relaxation to
arly diastolic filling.
omparison to previous studies. Baicu et al. (35) have
ecently indicated that no significant differences are found in
VEF, pre-load recruitable stroke work, or peak dP/dt
etween normal control subjects and patients with diastolic
eart failure (LVEF 50%). They concluded that the
athophysiology of diastolic heart failure does not appear to
e due to significant abnormalities in LV systolic properties.
n contrast, using tissue Doppler imaging of the mitral
nnulus, Brucks et al. (14) have demonstrated that heart
ailure with preserved LVEF is associated with mild systolic
ysfunction in addition to diastolic dysfunction, which is
igure 8. Schematic diagram demonstrating the concept that inertia force
f late systolic aortic flow enhances left ventricular (LV) elastic recoil. (A)
eft ventricles with relatively better LV systolic function give inertia to the
ate systolic aortic flow. In late systole, when LV muscle shortening has
eached a limit but its tension-bearing ability is still maintained, the inertia
f the blood flowing out of the LV causes swift end-systolic unloading of
he LV, producing additional LV muscle shortening and hence smaller LV
nd-systolic volume. The resulting greater elastic recoil force brings faster
V relaxation. (B) Left ventricles with impaired contractile function do not
ive inertia to the late systolic aortic flow. Hence, the swift LV end-systolic
nloading caused by the inertia force does not occur. LV relaxation is slow
ecause of the lack of LV elastic recoil.nconsistent with the study by Baicu et al. (35). Our resultsegarding LVEF, LV end-systolic volume index, and Sm
upport the finding reported by Brucks et al. (14). They also
eported that 60% to 70% of their subjects had CAD.
urthermore, Tsutsui et al. (15) reported 34% of their
atients suffering from heart failure with preserved LV
ystolic function had MI. Thus, in the pathophysiology of
solated diastolic heart failure in CAD patients, LV apical
all motion abnormality due to prior MI may be important.
From the viewpoint of the definite criteria for isolated
iastolic dysfunction, we reanalyzed the data of our patients
ith PSF. We then demonstrated that most patients who
atisfied the criteria did not have inertia force, whereas a
ajority of patients who did not meet the criteria had
nertia force. These findings suggest that a lack of inertia
orce of late systolic aortic flow is one of the aspects of
solated diastolic dysfunction.
linical implications. An absence of inertia force of late
ystolic aortic flow causes both LV relaxation and early
iastolic filling to be impaired in patients with PSF. Thus,
n evaluation to determine whether such patients have
nertia force should be important for the assessment of their
V early diastolic function. However, an invasive examina-
ion is needed for this issue. Our present study indicates that
V apical asynergy observed in CAD patients frequently
ccompanies the lack of inertia force. One could noninva-
ively evaluate whether patients with CAD have isolated
iastolic dysfunction by observing their LV apical wall
otion using echocardiography.
ONCLUSIONS
he lack of inertia force of late systolic aortic flow plays a
ubstantial role in provoking isolated diastolic dysfunction
n patients with CAD. Mild LV systolic dysfunction and
V apical asynergy may be related to this pathophysiology.
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